A triplex reverse transcriptase PCR (RT-PCR) was developed to simultaneously detect poliovirus, hepatitis A virus (HAV), and rotavirus in sewage and ocean water. Sewage and ocean water samples seeded with the three different viruses were concentrated by ultrafiltration. The unseeded ocean water and sewage samples were concentrated by vortex flow filtration and/or ultrafiltration. Random hexamers and a rotavirus downstream primer were used to initiate reverse transcription. Three different sets of primers specific for poliovirus, HAV, and rotavirus cDNAs were mixed in the PCR mixture to amplify the target DNA. Three distinct amplified DNA products representing poliovirus, HAV, and rotavirus were identified by gel electrophoresis as 394-, 192-, and 278-bp sequences, respectively. Dot blot and Southern analyses were used to confirm the amplified products for each virus present in the environmental samples. Except for poliovirus, the sensitivity of triplex RT-PCR for the detection of rotavirus and HAV was found to be similar to that of monoplex RT-PCR, which uses only one set of primers to amplify a single type of virus. The triplex RT-PCR has greater advantages over monoplex RT-PCR for virus detection, namely, the rapid turnaround time and cost effectiveness.
PCR has been used to detect pathogenic microorganisms in different environments and it could be used as an analytical tool to indicate the potential of disease outbreaks.
Conventional reverse transcriptase PCR (RT-PCR) is monoplex and includes only one specific set of primers in the reaction mixture and can detect only one virus or one target RNA sequence in a sample (1, 3, 9, 12, 15, 22, 26) . Multiplex PCR is the simultaneous PCR amplification of gene sequences associated with different organisms or different genes within the same organism. This technique has been used to detect dual genes from Escherichia coli or Legionella pneumophila (4) in water and to detect different Salmonella spp. in soil and water (29) . In this study, we have developed a triplex RT-PCR method, which uses three different sets of primers in one reaction mixture, to detect poliovirus, HAV, and rotavirus simultaneously in sewage and ocean water. Because of the time savings in time and cost-effectiveness, the triplex RT-PCR method provides a more efficient way to detect various viral RNAs in environmental samples than the monoplex RT-PCR method.
MATERUILS AND METHODS
Samples. Ocean water samples were collected from both coastal and offshore waters in sterile 20-liter polypropylene containers. Sewage samples from primary influent and secondary effluent were collected in 250-ml sterile polypropylene containers. All samples were stored on ice. For virus detection, the ocean water samples (15 liters) and sewage samples (100 ml) were concentrated within 4 h after collection by vortex flow filtration and ultrafiltration as described previously (26) .
Virus strains. Poliovirus type 1 strain LSc was maintained in Buffalo green monkey kidney cells, and HAV strain HM175 was maintained on BS-C-1 cells (an African green monkey kidney-derived cell line) and/or FRhK-4 cells (fetal rhesus kidney-derived cell line). Two human rotaviruses (VR-2018 strain Wa and VR-970 strain D) were purchased from American Type Culture Collection, Rockville, Md. One human rotavirus provided by National Institutes of Health and one animal strain rotavirus SA-1 1 were used for the determination of primer specificity. All rotaviruses were propagated on the MA-104 cell lines.
Virus seeding. A virus mixture (30,ul) containing 1.0 x 104 PFU of HAV strain HM175, 6 .0 x 104 PFU of poliovirus type 1 strain LSc, and 1.6 x 104 PFU of rotavirus strain Wa (ATCC VR-2018) was seeded into 100-ml portions of filtered and nonfiltered samples. The filtered samples, including both ocean water and secondary sewage effluent, were filter sterilized with 0.2-,um-pore-size Nalgene disposable filterware (Nalge Co., Rochester, N.Y.). The seeded and unseeded samples (100-ml portions) were concentrated by ultrafiltration with Centriprep-100 and Centricon-100 (Amicon, Inc., Beverly, Mass.) as described previously (26) . The final concentrates (2,ul) were used as templates for the triplex RT-PCR. The remaining concentrates were stored at -20°C for future analysis.
Triplex RT-PCR. The triplex RT-PCR was performed with a GeneAmp PCR System 9600 (Perkin-Elmer, Norwalk, Conn.). All the reagents required for RT-PCR were included in a GeneAmp RNA PCR kit (Perkin-Elmer). Each RT reaction mixture (16,ul) (20 pI) . Except for the primers, all other components used in the PCR process were kept at optimal concentrations as suggested by the manufacturer (Perkin-Elmer). Primers for poliovirus 5' noncoding region (3, 10, 24) (Polio-R, 5'-ACGGACACCCAAAGTA-3'; Polio-L, 5'-AGCACTTCTGTTTCCC-3'), for HAV capsid region (21) (HAVC-R, 5'-CTCCAGAATCATCTCCAAC-3'; HAVC-L, 5'-CAGCACATCAGAAAGGTGAG-3') and for a segment of rotavirus gene encoding the major outer capsid glycoprotein vp7 (End9 and Rota785 [5'-TTCGAAATTG-TAAGAAATTAG-3']) were used to amplify 394-, 192-, and 278-bp sequences, respectively. The final concentrations for each set of primers in the reaction mixture were 50 nM. The PCR was carried out by the following protocol: initial denaturation step at 95°C for 2 min; 40 cycles, with 1 cycle consisting of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C; and final extension step at 72°C for 7 min. The PCR products were stored at 4°C before analysis. The internal oligonucleotide probes for poliovirus, HAV, and rotavirus PCR products were POLIO-IN (5'-ACATAAGAATCCTCCGGCCCCTGA-3'), HAVC-IN (5'-7TfGCITCCFC-I-lTlATCATGCTAT-3') (9) , and RTPB858 (5'-CATAACAGCAGATCCAACAAC-3'), respectively. All 102 to 2 x 105 PFU/ml were seeded into 100-ml portions of target virus-free primary influent and were concentrated to 200-pul for triplex RT-PCR and monoplex RT-PCR. The sensitivity of detection for these viruses present in primary influent was determined by dot blot analysis.
RESULTS
Triplex RT-PCR with various primer concentrations. Figure  1 shows the effects of multiple primer concentrations on the amplification efficiencies of different viral RNAs during the triplex RT-PCR. The amplified DNA products were 394, 278, and 192 bp long, which correspond to the sizes of the cDNA target fragments transcribed from viral RNAs of poliovirus, rotavirus, and HAV, respectively. The estimated initial virus numbers in each reaction mixture were 1,200, 200, and 320 PFU for poliovirus, HAV, and rotavirus, respectively. The composite primer concentrations for three different viruses used in the triplex RT-PCR are listed in Table 1 . When each set of primers was initially maintained at a final concentration of 50 nM in the reaction mixture, the best amplification result for all three viruses was obtained (Fig. 1 , lane 4; Table 1 ). Although the reduction of poliovirus and HAV primer concentrations from 50 nM to 30 nM also gave a similar result (Fig. 1 , lane 10; Table 1 ), primer concentrations of 50 nM each were chosen for triplex RT-PCR throughout this study because of the simplicity of preparation. In addition, when the rotavirus primer concentration was decreased to 30 nM and the other two sets of primers were maintained at either 30 or 50 nM, significant reduction of rotavirus RT-PCR products was found ( Fig. 1 , lanes 5, 8, and 9; Table 1 ). Moreover, when the concentrations of one or two primer pairs were reduced to 10 nM, no amplified products from corresponding primers were observed (Fig. 1 , lanes 11 to 16; Table 1 ). No cross-reactivity was found among the three primer sets for the target DNA.
The yields of amplified products, based on the intensity of each fragment on the ethidium bromide-stained agarose gel, were similar by monoplex and triplex RT-PCR (Fig. 1 tion (1 to 10 PFU) during RT-PCR, the band resulting from amplification of that virus was much less intense in comparison to band intensity from the two viruses present in higher concentrations (10 to 1,000 PFU). The dot blot analysis was applied to verify the amplified products.
Cross-reactivity and sensitivity. Figure 2 shows the specificity of each set of primers used in the triplex RT-PCR. Each set of primers amplified only one virus type (Fig. 2, lanes 1 to 9) and no cross-reactivity was found between the individual primers and nontarget virus during monoplex RT-PCR. This confirmed that each fragment found in the triplex RT-PCR was amplified from only one type of virus (Fig. 2, lane 1 ) . Figure 3 is the dot blot analysis on the comparisL n of detection sensitivity between triplex RT-PCR and monoplex RT-PCR. Table 2 500  100  50  50  50   0  2  H  500  100  50  50  50  0  3  R  500  100  50  50  50  0  4  P+H+R  500  100  50  50  50  0  5  P+H+R  500  100  50  50  30  0  6  P+H+R  500  100  50  30  50  0  7  P+H+R  500  100  30  50  50  0  8  P+H+R  500  100  50  30  30  0  9  P+H+R  500  100  30  50  30  0  10  P+H+R  500  100  30  30  50  0  11  P+H+R  500  100  50  50  10  0  12  P+H+R  500  100  50  10  50  0  13  P+H+R  500  100  10  50  50  0  14  P+H+R  500  100  50  10  10  0  15  P+H+R  500  100  10  50  10  0  16  P+H+R  500  100  10  10  50  0  17  P  500  0  50  0  0  0  18  H  500  0  0  50  0  0  19  R  0  100  0  0  50  0  20  RNA  500  0  0  0  0  150  21  None  500  100  50  50 RTPB858 did not exhibit cross-reactivity against poliovirus and HAV RT-PCR products. Triplex RT-PCR on sewage and ocean samples. Figure 4 illustrates the application of triplex RT-PCR on ocean water and sewage. Poliovirus, HAV, and rotavirus were not detected in coastal water (Fig. 4, lanes 1 to 4 ). An amplified DNA fragment similar in size to the positive HAV product (lane 6) was found in ocean water 30 m deep around a sewage outfall area, but both rotavirus and poliovirus were not found (Fig. 4,  lanes 5 to 8) . Poliovirus, HAV, and rotavirus were not detected in filtered ocean water (lane 9), but suspicious HAV RNA was observed in unfiltered secondary effluent (lane 10). Both of the suspicious HAV PCR fragments found in outfall deep-ocean water and secondary effluent were probed with HAV internal probe and they were all negative (Fig. 4B) . However, when unfiltered secondary effluent and filtered ocean water were seeded with poliovirus, HAV, and rotavirus, the expected amplified product was observed, as shown in lanes 11 and 12 (Fig. 4A ). They were all positive when hybridized with the respective internal probes (Fig. 4B) . The amplified rotavirus target fragments in the seeded samples were not clearly demonstrated in the agarose gel, but they hybridized with the RTPB858 internal probe after Southern blotting (Fig. 4B) (Fig. 3 , dots GI to G4 and HI to H4) no cross-reactivity between HAVC-IN and poliovirus RT-PCR products was observed on the Southern analysis (Fig. 4B) . The rotavirus amplified products were dual-sized fragments on Southern blots but only a single-sized fragment was observed on agarose gel (Fig. 4,  lanes 11 to 13 and 16) . Figure 5 shows additional application of the triplex RT-PCR procedure to two primary influent and two secondary effluent sewage samples. In this experiment, 15 liters (instead of 100 ml) of sewage sample was collected and further concentrated by vortex flow filtration and ultrafiltration. Several distinct PCR products amplified from background organisms were observed on an agarose gel. Poliovirus, rotavirus, and HAV RNAs were detected in one undiluted and 10-fold-diluted primary influent concentrate (Fig. 5, lanes 5 and 6) , but they were not detected in the 100-or 1,000-fold dilutions. Only HAV RNA was detected in the second primary influent sample (Fig. 5, lane 1) . The secondary effluent concentrates were negative (Fig. 5, lanes 9 to 16) . These results were confirmed with subsequent Southern blot analysis (data not shown). Table 3 shows the dot blot hybridization results using both triplex and monoplex RT-PCR to amplify various concentrations of poliovirus, rotavirus, and HAV from seeded primary influent samples. Triplex RT-PCR detected viral RNAs equivalent to 10 PFU of poliovirus, rotavirus, and HAV seeded into 100 ml of the primary influent. However, except for rotavirus and HAV, monoplex RT-PCR was able to detect poliovirus levels as low as 1 PFU in the seeded primary influent.
DISCUSSION
This study has developed a rapid and efficient method to simultaneously detect three medically important viruses commonly transmitted via water and/or shellfish. The efficiency of triplex RT-PCR was carefully controlled by the concentration of each set of primers involved in the reaction. An optimal primer concentration of 50 nM for each primer was determined as yielding the best results for the triplex RT-PCR protocol for the detection of poliovirus, HAV, and rotavirus. Even when the viruses were present at the levels detectable by RT-PCR (200 to 1,200 PFU), no PCR products of target viruses could be found if primer concentrations were decreased to 10 nM. This result indicates that the lower limit of the primer concentration was 10 nM in the triplex RT 5 . PCR analysis of triplex RT-PCR on primary influent and secondary effluent sewage samples for detection of poliovirus, rotavirus, and HAV on an ethidium bromide-stained agarose gel. Lanes: 1, primary influent concentrate 1 (PIC1), undiluted; 2, 10-fold-diluted PIC1; 3, 100-fold-diluted PIC1; 4, 1,000-fold-diluted PIC1; 5, primary influent concentrate 2 (PIC2), undiluted; 6, 10-fold-diluted PIC2; 7, 100-fold-diluted PIC2; 8, 1,000-fold-diluted PIC2; 9, secondary effluent concentrate 1 (SEC1), undiluted; 10, 10-fold-diluted SEC1; 11, 100-fold-diluted SEC1; 12, 1,000-fold-diluted SEC1; 13, secondary effluent concentrate 2 (SEC2), undiluted; 14, 10-fold-diluted SEC2; 15, 100-fold-diluted SEC2; 16, 1,000-fold-diluted SEC2; 17, positive controls containing 200 PFU each of poliovirus, rotavirus, and HAV; 18, RNA control from a RNA PCR kit (Perkin Elmer); 19, negative control containing no template; M, molecular size standards (BioMarker Low; BioVentures, Inc.). The numbers to the right of the gel are in base pairs.
reaction mixture. The triplex RT-PCR was able to detect three types of viruses when each virus was present at levels less than 1 PFU. The multiple primers present in the PCR mixture could cause competition between primers for the target cDNA and thus affect the detection sensitivity, especially when the cDNA is present at very low concentrations. This could also impact the detection sensitivity on the environmental water samples, because only low numbers of viruses are present in these samples. Therefore, steps involving the concentration of a large volume of water are required to concentrate viruses before the application of triplex RT-PCR. The HAVC-IN probe slightly cross-reacted with the poliovirus product in the dot blot analysis, but this cross-reactivity was not found in the Southern analysis. The HAVC-IN probe did confirm the correct HAV fragment in the triplex RT-PCR. Experimental results shown in Fig. 2 indicated that each set of primers used in this study was very specific to one virus type, and hence the cross-reactivity found in the dot blot analysis was not due to nonspecific primer annealing during the RT-PCR. Because the amplified poliovirus PCR product was blotted onto a very limited area (13 mm2) in the dot blot analysis, this could increase the chances of a cross-reaction between HAVC-IN and poliovirus PCR product. In order to solve this problem, a more stringent wash condition, raising the low-salt wash temperature to 55°C, was performed for the HAVC-IN, but it reduced the detection sensitivity for HAV. Therefore, the cross-reaction might be due to nonspecific hybridization between probe and nontarget DNA, which was commonly found in the nucleic acid hybridization. The viruses used for seeding were stored at -20°C. Viruses were propagated on each cell line and counted before they were stored. The die-off rate after storage was not determined. Therefore, the PFU on the sensitivity experiment was estimated from the initial PFU. The actual PFU used in the sensitivity test could be less. The application of triplex RT-PCR on some concentrated environmental samples showed positive results for the target viruses. Although amplified background DNA was observed in both deep-sea water and secondary effluent sewage samples, it was negative for poliovirus, HAV, or rotavirus after Southern analysis. This result underscores the importance of additional testing by Southern blotting to confirm the correct amplification products. The amplified rotavirus target fragments showed two bands on the Southern analysis but only one band (278 bp) on an ethidium-stained agarose gel. This observation indicated that a smaller fragment homologous to the rotavirus internal probe was produced during the triplex reaction. However, the smaller fragment, which could have resulted from incomplete primer extension, did not affect the interpretation of the results. Because there are many unidentified substances present in the environmental samples, these impurities could interfere with the RT-PCR during the amplification process. The detection sensitivity of both triplex and monoplex RT-PCR on seeded primary influent was lower than that on seeded virus samples (Table 3, Fig. 3 ). In a previous report (27) , we have detected enteroviruses and HAV in primary and secondary effluent samples using monoplex RT-PCR. In addition, there are other reports in the literature that document the detection of viral RNA in groundwater (1), sewage sludge (13), surface waters (15) , and river water (9a) by monoplex RT-PCR. In this current study, the application of a triplex RT-PCR amplification method was clearly an improvement over previously reported monoplex RT-PCR methods, since analysis time was greatly reduced and three types of virus could be detected with one amplification step.
In conclusion, this study focused primarily on the development and application of triplex RT-PCR for the detection of poliovirus, HAV, and rotavirus from environmental water samples. The success of this method is an improvement over current monoplex RT-PCR because it provides a more rapid and efficient way to detect these three medically important viruses. This sensitive technology could help researchers to investigate the presence of virus in environmental samples and could also be of benefit in clinical diagnoses.
